Water-tolerant nodulation is an adaptation of legumes that grow in wet or temporarily flooded habitats. This nodulation mode takes place at lateral root bases via intercellular bacterial invasion in cortical infection pockets. The tropical legume Sesbania rostrata has become a model for the study of the molecular basis of crack entry nodulation compared with root hair curl nodulation. For intercellular invasion, Nodulation Factor (NF) signalling recruits an ethylene-dependent, common Sym gene-independent pathway, leading to local cell death. The NF structure requirements are less stringent than for intracellular invasion in root hairs, which is correlated with a very specific NF-induced calcium spiking signature, presumably necessary for correct gene expression to assemble a functional entry complex in the epidermis.
Introduction
Early in their evolution, land plants have developed a mycorrhizal endosymbiosis with Glomeromycota fungi that form 'arbuscules' inside cortical root cells as an interface for phosphorous and nutrient exchanges (Parniske, 2008) . Later in time, in the Eurosid I clade of flowering plants, mycorrhization functions diversified together with other genes to allow bacterial endosymbioses for nitrogen fixation. These symbioses include actinorhizal interactions with Gram-positive Frankia bacteria and legume interactions with Gram-negative rhizobia. The latter are of major agronomical importance and have been particularly amenable to molecular analysis. Perception of legume root exudates triggers the production of rhizobial Nod factor (NF) signals that are lipochito-oligosaccharides with strainspecific substitutions (D'Haeze and Holsters, 2002) . Recognition of NFs by compatible LysM-type plant receptors leads to the formation of root nodules, in which differentiated bacteria (bacteroids) fix nitrogen for their host.
Development of functional nodules depends on interconnected programmes for bacterial infection and de novo organ formation. In most crop legumes and in the model legumes Medicago truncatula and Lotus japonicus, infection occurs in susceptible root hair cells (in 'zone I'), that curl to form a compartment for a bacterial microcolony from which an intracellular infection thread guides the rhizobia to the base of the root hair and, subsequently, through layers of cortical cells towards the nodule primordium cells. There, rhizobia are engulfed by the plant plasma membrane and differentiate into nitrogen-fixing bacteroids, thus forming a new organelle called the symbiosome (Jones et al., 2007) .
In model legumes, many genes have been identified that are essential for nodulation, and several of these are also required for mycorrhization. These 'common Sym genes' include a leucine-rich repeat (LRR) receptor-like kinase (SymRK), a cation channel, a calcium and calmodulindependent protein kinase (CCaMK), several nuclear pore complex proteins, and a nuclear coiled coil protein (Parniske, 2008) . The 'common Sym' pathway is accountable for the generation and interpretation of NF-triggered calcium oscillations in and around the nucleus of responsive root Abbreviations: AVG, aminoethoxyvinylglycine; CCaMK, calcium and calmodulin-dependent protein kinase; JA, jasmonic acid; LRB, lateral root base; NF, Nod factor; RHC, root hair curling; SymRK, symbiosis receptor kinase. (Oldroyd and Downie, 2006) . The CCaMK protein is probably involved in decoding of the spiking signature. Gain-of-function mutations of this protein result in spontaneous nodules (Gleason et al., 2006; Tirichine et al., 2006) .
Signalling for nodule initiation has been studied extensively in model species. However, the legume family displays a great diversity of nodulation strategies. Here, recent insights are reviewed that were acquired through the study of the tropical legume Sesbania rostrata, which has versatile nodulation features and a dual rhizobial infection pathway.
Versatility of nodulation in Sesbania rostrata as an adaptation to water tolerance Sesbania rostrata grows in temporary pools that arise in the rainy season in the Sahel region of West Africa. It is known for its ability to form stem nodules at positions of adventitious root initials (Duhoux, 1984) . Moreover, upon waterlogging, under wet conditions, roots have no regular root hairs, but nodules form abundantly at the lateral root bases (LRBs) (Tsien et al., 1983) . Importantly, these LRB nodules do not result from intracellular root hair invasion (Ndoye et al., 1994) .
Indeed, NFs produced by bacteria that reside in epidermal fissures at sites of lateral root emergence trigger cell death in a few outer cortex cells, thus creating space for rhizobial proliferation in intercellular infection pockets (Fig. 1A) . The NF-induced cell death requires the production of hydrogen peroxide by the plant and ethylene and gibberellins are involved as well (D'Haeze et al., 1998 (D'Haeze et al., , 2003 Lievens et al., 2005) . From infection pockets, intercellular and intracellular infection threads proceed towards the nodule primordium. High NF levels in the cortical infection pockets presumably provide a positional cue for the establishment of signalling gradients for proper co-ordination of organogenesis and infection (Goormachtig et al., 2004a) .
While roots that grow in water are hairless, root hair initials occur at LRBs and these epidermal cells respond to NFs and to bacterial inoculation by outgrowth and deformation, but they do not become invaded (Mergaert et al., 1993; D'Haeze et al., 2000; Lievens et al., 2005) . These epidermal responses have exactly the same NF signalling requirements as the LRB nodulation.
Sesbania rostrata can also develop and nodulate under non-flooded ('dry') conditions-recreated in Leonard jars in the laboratory-when the roots have normal root hairs and nodules are formed via intracellular invasion in susceptible root hairs (Goormachtig et al., 2004b) . This root hair curling (RHC) nodulation is inhibited by ethylene, just like in M. truncatula (Fig. 1B) (Goormachtig et al., 2004b) . Inoculations with bacterial mutants with different NF decorations showed that the NF structure requirements are more stringent for epidermal RHC nodulation than for LRB nodulation (D'Haeze et al., 2000; Goormachtig et al., 2004b) . This observation relates to data in M. truncatula that suggest less stringent NF requirements for triggering root hair deformation and gene expression than for intracellular bacterial entry (Ardourel et al., 1994) . Stringent NF requirements are also needed for S. rostrata RHC nodulation and, thus, seem correlated with intracellular invasion.
However, the NF structure requirements are not stringent, neither for LRB nodulation nor for the NF-triggered . Ethylene also influences calcium spiking, which is fast and symmetrical. Decoding by CCaMK activates gene expression for nodule primordium (np) induction and infection thread (IT) progression from the infection pockets. On 'dry' roots, susceptible root hairs respond to NF perception by curling via an, as yet unknown, signal transduction pathway. In parallel, slow and asymmetric calcium spiking leads to gene expression required not only for organ initiation but also for transcellular infection thread formation in root hairs. In LRB and RHC nodulation, SymRK is essential for bacterial internalization in plant cells.
growth and deformation of LRB-associated root hair initials. The latter do not become infected, again hinting at a stringent signalling linked with the intracellular invasion of root hairs.
In summary, flooding causes ethylene accumulation, which interferes with RHC nodulation and with root hair formation in S. rostrata. An alternative invasion way circumvents the epidermis and couples NF perception to ethylene-mediated cell death, a process that resembles aerenchyma formation.
Different NF-induced calcium oscillation patterns correspond with alternative nodulation modes in S. rostrata NF-induced calcium spiking in the root epidermis has been studied in M. truncatula, pea (Pisum sativum), and vetch (Vicia sp.), all legumes with zone-I nodulation and intracellular invasion in growing root hairs. The versatility of S. rostrata nodulation and the opposite role of ethylene in intercellular and intracellular invasion instigated the investigation of the role of calcium spiking in this watertolerant legume.
By means of microinjection with a calcium-sensitive dye, followed by NF treatment, calcium oscillations were recorded in zone-I root hairs and in root hair initials at LRBs. The spiking pattern of zone-I root hairs resembled that of M. truncatula (Ehrhardt et al., 1996) , but the Ca 2+ spiking at LRBs was faster and the shape of the spikes was more symmetrical (Capoen et al., 2009) .
In M. truncatula, NF-induced calcium spiking in zone-I root hairs is abolished by the addition of the ethylene biosynthesis precursor 1-aminocyclopropane-1-carboxylate, while the ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) incites cells to spike (Oldroyd et al., 2001) and jasmonate (JA) modulates spiking as well (Sun et al., 2006) . As in M. truncatula, JA expands the period of LRB Ca 2+ spikes in S. rostrata. Excess ethylene, however, did not affect LRB Ca 2+ spiking; on the contrary, inhibition of ethylene production by low AVG concentrations extended the spiking period. Enhanced JA or reduced ethylene levels rendered the spikes more asymmetrical, thus shifting the overall calcium signature towards the zone-I root hair pattern. In the absence of AVG or JA, intracellular infection threads were rarely seen in root hair initials at LRBs. Interestingly, pretreatment with hormonal concentrations that confer a zone-I type spiking signature, stimulated infection thread formation upon the addition of rhizobia (Capoen et al., 2009 ), but negatively affected LRB nodule development and infection pocket formation.
NF-induced calcium oscillations in submerged S. rostrata roots are incompatible with intracellular invasion. When calcium spiking frequencies are altered pharmacologically, epidermal cells can be infected by rhizobia, thus correlating a defined Ca 2+ spiking profile with the capacity for intracellular root hair invasion. Hence, specific gene transcription events, after interpretation of a particular spiking signal, seem to be necessary to allow the correct assembly or functioning of a receptor complex for intracellular entry in the root hair.
What is the role of the common Sym genes SymRK and CCaMK in S. rostrata LRB nodulation?
The common gene SymRK was shown to be indispensable for root hair invasion and NF-induced calcium spiking in M. truncatula (Oldroyd and Downie, 2006) . In S. rostrata, transgenic roots with reduced SrSymRK transcripts formed LRB nodules that were differentiated, but had deformed infection threads that were unable to release bacteria, resulting in fix -nodules . Thus, SymRK is required for the intracellular invasion in the root epidermis, but not for intercellular infection. Interestingly, the observation of an arrest in symbiosome formation demonstrates an essential function of SYMRK at the late stage of nodule development in the internalization process.
The CCaMK protein is the obvious candidate to interpret the NF-triggered Ca 2+ signature and to transmit information for gene expression, nodule formation, and infection thread progression. Given the differences in spiking patterns, the role of CCaMK in S. rostrata LRB nodulation was investigated. The SrCCaMK gene was identified and characterized (Capoen et al., 2009) . Down-regulation of CCaMK expression by RNA interference in transgenic roots impeded nodule formation and infection thread progression, but did not affect the primary intercellular cortical invasion, suggesting that signalling via CCaMK is not essential to initiate these structures. However, intracellular cortical infection threads were lumpy, like those in SymRK knockdown lines and in wild-type plants upon invasion with NF-deficient bacteria Den Herder et al., 2007) . Thus, proper infection thread progression in S. rostrata needs cellautonomous NF perception, and the CCaMK and SymRK genes for both RHC and LRB nodulations.
Conclusions
(i) S. rostrata nodulates via RHC invasion in zone I under 'dry' root conditions and via intercellular invasion of the cortex at LRBs of stems and 'wet' roots.
(ii) Intercellular colonization requires local NF-induced cell death that depends on reactive oxygen species and ethylene.
(iii) LRB nodulation has no stringent NF signalling requirements, neither for intercellular invasion, nor for organ formation.
(iv) LRB nodulation is associated with fast and symmetric NF-induced calcium spikes that are neither compatible with root hair invasion and nor affected by ethylene.
(v) Root hair invasion correlates with a specific (slow and asymmetric) Ca 2+ spiking pattern, strongly suggesting that a frequency-dependent phosphorylation of CCaMK targets is Water-tolerant legume nodulation | 1253 important to assemble a functional receptor complex for intracellular entry.
(vi) Primary intercellular colonization of the cortex does not require the common Sym genes SymRK and CCaMK. CCaMK is necessary for organ formation and both SymRK and CCaMK are needed for infection thread progression.
(vii) The plant hormone ethylene plays a key role in the submergence-adapted nodulation in S. rostrata: under waterlogged conditions, when ethylene accumulates, RHC nodulation in zone I is suppressed, while LRB nodulation that requires ethylene is prevalent.
(viii) Based on these observations, a model (Fig. 1C, D) is proposed with a dual pathway downstream of the primary NF perception at LRBs in S. rostrata.
Perspectives
Sesbania rostrata had been chosen as a research subject because of its interesting and versatile nodulation features. Working with a non-model, undomesticated legume was difficult, but overall has been rewarding because of the many new insights that were obtained, several of which are reviewed here. In addition, knowledge on the molecular basis of infection pocket formation might be useful for scientists who would want to extend symbiotic nitrogen fixation to water-tolerant non-legume crops, such as rice (Oryza sativa).
Intercellular invasion and alternative nodulation modes have been observed in legumes in distinct subfamilies and a wealth of interesting processes wait to be studied. One example is the direct uptake of rhizobia from intercellular infection pockets by nodule primordium cells in Aeschenomyne and Arachis (Goormachtig et al., 2004b) . In parallel with the concerted focus on a few model species, the study of the diversity of legume nodulation and the huge complexity of plant-microbe interactions should be encouraged. In the future, such investments will hopefully become more attractive and feasible with a wider availability and accessibility of cheap and fast high-tech tools.
